. In a recent tomographic three-dimensional reconstruction study on self in preparation for a productive working stroke. Actin rebinding triggers phosphate release, which in turn quick-frozen contracting insect flight muscle, the auprompts the myosin crossbridge to return to its starting thors interpreted tomographic images in terms of twenty conformation, in a motion termed the "powerstroke." six rebuilt S1s, for which the angle between the lever arm The net result is that the attached actin filament gets domain and the catalytic domain varied continuously in translocated in the direction of its minus (pointed) end. a range of ‫05ف‬Њ, where the rigor structure was placed The myosin crossbridge is the subfragment 1 (S1) donear the middle of that range ( involved the use of various probes that report changes
changes of the true lever arm with respect to the catalytic domain of the S1.
In addition to the question of the extent of a lever arm angle change, there has been considerable debate about whether myosin S1 discriminates between Mg.ATP and Mg.ADP.P i , in terms of lever arm conformations (Lymn and Taylor, 1971 the conformational change that one wishes to measure.
To achieve this goal, we have used cysteine engineering to remove native cysteines present in Dictyostelin S1 structure in different nucleotide states. Such meaium myosin-II, and have shown that this cysteine-light surements have provided support for structural changes, myosin-II is functional both in vitro and in vivo. We then but have often been hampered by restrictions as to inserted cysteine residues in specific locations of Dictywhere the probe can be placed on the molecule. Thus, ostelium myosin-II S1 (Manstein et al., 1989) . Specific a wide variety of angle changes of the lever arm have labeling of those introduced cysteines with a donor and been estimated by these dynamic approaches (for reacceptor dye provided a FRET-based sensor capable view, see Goldman, 1998). Studies observing polarized of resolving a wide range of lever arm angles. This apfluorescence of rabbit muscle labeled on the regulatory proach-removal of native cysteines and introduction light chain (Irving et al., 1995; Corrie et al., 1999) suggest of new cysteines at rationally selected positions on two at least a modest change in lever arm angle upon bindseparate polypeptides-helps circumvent problems of ing and hydrolysis of ATP, while EPR studies on spinlabeling specificity, perturbation of activity, and/or limlabeled myosin heads suggest dynamic disorder in the ited sensitivity to conformational changes that are often angle between the catalytic domain and lever arm in encountered with FRET studies. To accurately resolve relaxed and active muscle (Roopnarine et al., 1998 The paramount concern for mutagenizing myosin to remove cysteines was to retain function of the enzyme. however, that the absence of the essential light chain can lead to a different conformation of the converter We used the information that the cysteine residue demonstrates a tolerance for substitution with small and domain, and the location of the carboxy terminus in different nucleotide states may not reflect the relative medium sized hydrophobic residues such as alanine, myosin-II gene were assayed for growth in suspension. The cysteine-light myosin completely rescued the cytokinesis defect of the myosin-II null host strain ( Figure  2 ). This is a very stringent test of myosin-II function, and we conclude that none of the cysteines that were mutagenized are essential. A cysteine-light myosin-II harboring the mutation A250C (to facilitate acceptor labeling for FRET) also completely rescued the cytokinesis defect of the myosin-II null strain (data not shown). The S1 portion of the cysteine-light myosin-II gene was subcloned into another plasmid to facilitate the expression of an S1 that was tagged at the carboxy terminus of the heavy chain with a 6ϫHis tag. Cysteinelight S1 was expressed, purified, and assayed for basal and actin-activated ATPase activity in vitro. The actinactivated ATPase activity of the cysteine-light S1 was very similar to that of wild-type S1 (1.0 s Ϫ1 ), and was higher than the respective basal rate (the rate in the absence of actin). Therefore, the cysteine-light S1 retains In summary, the cysteine-light myosin-II is a functional motor both in vivo and in vitro. It should serve as a useful starting point for future structure-function studies valine, isovaline, leucine, and isoleucine, as well as with involving site specific chemical modification, such as serine, threonine, and tyrosine (Dayhoff, 1978) . Sequence disulfide cross-linking and spectroscopic probe labelalignments of the myosin-IIs provided more information ing, of the protein. about which substitutions might be tolerated (Sellers and Goodson, 1995) . Furthermore, the trends in the se-FRET Strategy quence alignment were compared with the environment Starting from the cysteine-light S1 gene described of these residues in the crystal structures that have been above, we generated S1 heavy chains and regulatory solved. For cysteine 312, for example, the sequence light chains with single reactive cysteines positioned alignment shows a strong predisposition toward tyrosuch that, according to models based on crystallosine and phenylalanine. The structure shows that one graphic structures, the intercysteine distance would deface of cysteine 312 is surface exposed. For cysteine crease from ‫57ف‬ Å to ‫52ف‬ Å during the poststroke to 470, the sequence alignment shows that cysteine is fairly prestroke transition (Rayment et al., 1993; Dominguez well conserved, with some substitutions of tryptophan, et al., 1998) ( Figure 1) . Recombinant E. coli expressed isoleucine, valine, methionine, and lysine. The crystal Dictyostelium regulatory light chain (RLC) was donor structure shows that cysteine 470 appears well buried, labeled with Oregon green 488 maleimide at either residue 114 or 116, and then exchanged onto a recombinant consistent with the sequence alignment. For cysteine Dictyostelium expressed S1 whose heavy chain had 655, the sequence alignment shows cysteine used albeen previously acceptor labeled at residue 250 with most exclusively. Cysteine 655 is the most conserved tetramethylrhodamine-5-maleimide. Averaging the meaof the cysteines in Dictyostelium myosin-II. The structure sured FRET distances obtained from S1 labeled with shows that cysteine 655 is completely buried, and was the donor dye at two different residues decreases the the only cysteine residue we did not change. In sumuncertainty due to potential constraints on the relative mary, the cysteine-light myosin-II sequence was deorientation of a given donor-acceptor dye pair (Stryer, presence of saturating Mg.ATP exists primarily as a mixture of S1.Mg.ATP and S1.Mg.ADP.P i states, as in the case of the wild-type S1, with the P i -free S1.Mg.ADP Figure 1 ) is that these two conformations, when superimstate representing an insignificant part of the total popuposed using their catalytic domains, are pseudosymlation. If the rate of ADP release for D 114 A 250 were slowed metric about an axis that bisects the angle made by the by Ͼ100-fold compared to wild-type S1, to the same lever arm in the two conformations. Placement of an level as the rate of P i release, or if the P i release rate acceptor dye near this axis of pseudosymmetry would were enhanced by Ͼ100-fold, then S1.Mg.ADP could lead to only a very small change in the FRET efficiency account for nearly half of the S1 molecules in the presin transiting from the poststroke to the prestroke strucence of saturating Mg.ATP ( Figure 5B the lever arm may rest transiently at discrete intermediate lever arm angles. These intermediate angles, if they formational states whose cysteines are predicted to be even farther apart, such as in the case with the scallop exist, might be stabilized mechanically through the influence of optical tweezers. Alternatively, these intermedi-ADP bound S1 structure (Houdusse et al., 1999) , where the predicted distance is 108 Å . On the other hand, if ate angles may be stabilized by mutations to the myosin motor which effectively slow down different parts of the the addition of Mg.ATP to nucleotide free S1 were to cause half of the population to adopt the scallop ADP ATPase cycle. In summary, these experiments demonstrate a drabound S1 structure, then one would expect to see the lifetime of a fraction of the signal to increase. However, matic change in orientation of the myosin-II lever arm upon hydrolysis of ATP. These solution studies fit well this was not observed. Thus, our results suggest that the scallop ADP bound S1 structure is not the major with various crystallographic states previously observed. In addition, we have described a high resolution S1.Mg.ATP conformation. Our experiment is not sensitive enough to rule out the possibility that a minority of sensor of lever arm angle that can be used to examine not only the effects of binding various nucleotides to the S1.Mg.ATP heads are in the scallop S1.ADP conformation.
the active site of myosin, but also how a wide variety of myosin mutations affect the myosin-II structure. 
